Cytosine in CpG dinucleotides is frequently found to be methylated in the DNA of higher eukaryotes and differential methylation has been proposed to be a key element in the organization of gene expression in man. To address this question systematically, we used bisulfite genomic sequencing to study the methylation patterns of three X-linked genes and one autosomal pseudogene in two adult individuals and across nine different tissues. Two of the genes, SLC6A8 and MSSK1, are tissue-specifically expressed. CDM is expressed ubiquitously. The pseudogene, ψSLC6A8, is exclusively expressed in the testis. The promoter regions of the SLC6A8, MSSK1 and CDM genes were found to be essentially unmethylated in all tissues, regardless of their relative expression level. In contrast, the pseudogene ψSLC6A8 shows high methylation of the CpG islands in all somatic tissues but complete demethylation in testis. Methylation profiles in different tissues are similar in shape but not identical. The data for the two investigated individuals suggest that methylation profiles of individual genes are tissue specific. Taken together, our findings support a model in which the bodies of the genes are predominantly methylated and thus insulated from the interaction with DNA-binding proteins. Only unmethylated promoter regions are accessible for binding and interaction. Based on this model we propose to use DNA methylation studies in conjunction with large-scale sequencing approaches as a tool for the prediction of cis-acting genomic regions, for the identification of cryptic and potentially active CpG islands and for the preliminary distinction of genes and pseudogenes.
INTRODUCTION
Considerable effort is underway to decipher the human genome. However, once the sequence is determined we will still know very little about how the genetic information is organized, how the expression of genes is regulated and how the tremendous complexity of the human body is developed and controlled. DNA methylation is one of the features that organizes and controls the expression of genetic information (reviewed in ref. 1) . Methylation of cytosines in certain regions of genes can inhibit gene expression and artificial demethylation of genes has been shown to result in reactivation (2) . Differentially methylated regions are key elements in the transcriptional regulation of genes whose expression state depends on the sex of the parent from whom they were inherited (imprinted genes) (reviewed in ref. 3) . Likewise, the initiation and/or maintenance of the inactive X chromosome in female eutherians was found to depend on methylation (reviewed in ref. 4) . Tumor tissue in mammalia is characterized by a genome-wide demethylation and a local hypermethylation of tumor-suppressor genes (reviewed in ref. 5) . Recent work has shown that gene silencing in methylated regions is accomplished through the interaction of methylcytosine-binding proteins with other structural compounds of the chromatin (reviewed in ref. 6 ). This interaction makes the DNA probably inaccessible to transcription factors through histone deacetylation and chromatin structure changes.
A number of hypotheses about the origin and function of DNA methylation have been proposed. Methylation was suggested to serve as a host defense mechanism that silences most of the parasitic sequence elements (reviewed in ref. 7) or as a molecular instrument to lock developmental changes and to determine or to reflect tissue-specific gene expression (reviewed in ref. 8) . Methylation was also proposed to contribute to the reduction of background expression and to result into the division of complex genomes into regulatory and non-regulatory regions (9) . Whereas a number of experiments gave evidence for a correlation between the expression state and methylation strength, others showed that demethylation does not necessarily result in transcriptional activation and that the promoter region of inactive genes can be unmethylated (reviewed in refs 10,11) . Thus, (de)methylation is apparently no general mechanism to determine tissue-specific gene expression. Since most investigations used isoschizomeric digest with restriction-sensitive endonucleases it remains, however, open whether local differences between expressing and non-expressing tissues exist that could not have been resolved by this method. It has been demonstrated that different tissues show regular differences in 5-methylcytosine content (12) . So far it is not clear whether these differences are also reflected in the degree of methylation of single genes or if they are contributed exclusively by repetitive sequences. If indeed differences exist between the methylation profiles of genes in different tissues, it will be interesting to investigate how faithfully these differences are conserved among distinct individuals.
The genome contains a large number of pseudogenes which were created by duplication events or by the reintegration of reverse transcribed mRNA. Many of these pseudogenes possess promoter regions identical or very similar to those of the active ancestral genes. However, the pseudogenes are not transcribed in wild-type somatic cells. To study the methylation status of a pseudogene compared with that of the gene we have included the gene-pseudogene pair SLC6A8-ψSLC6A8 into our study.
Our knowledge about DNA methylation has profited from the investigation of model genes, but general conclusions are also hampered to a certain degree by the restriction to these genes. DNA sequences of many organisms are now readily available through the large-scale genomic sequencing approaches. Given this information, the bisulfite genomic sequencing technique (13) will deliver methylation data from any piece of DNA. To elucidate the tissue-specific methylation patterns to single cell and single base resolution by bisulfite genomic sequencing we have chosen a housekeeping gene, two tissue-specific genes and a pseudogene: the X-linked human CDM gene, the muscle-specific serine kinase gene MSSK1, the creatine transporter gene SLC6A8 and the autosomal pseudogene ψSLC6A8, respectively. These genes were studied in the regions joining the predicted CpG islands to the body of the gene. SLC6A8, CDM and MSSK1 are located in the human telomere-near band Xq28 in a region spanning ∼100 kb of GenBank accession no. U52111. The studied X-chromosomal region (26.5 kb) is duplicated on chromosome 16p11.1 (14) . This duplication contains the investigated pseudogene of SLC6A8 (ψSLC6A8) and the five last exons of CDM (14) .
SLC6A8 (solute carrier family 6, member 8) (15) encodes for a Na + -coupled transporter that transfers creatine into the cell. So far no transcription factors have been identified controlling the expression of this gene. The prediction of a TATA box at position 936 and the existence of a CpG island from position 568 to 2507 of GenBank entry U52111 suggest regulatory functions in this region (16) . Northern blot analysis indicates a strong expression of the gene in skeletal muscle, kidney, testis, colon, heart, brain, small intestine and prostate. No transcripts were found in liver and pancreas (17) where creatine is synthesized.
The gene structure of ψSLC6A8 in the duplicated region on chromosome 16 resembles entirely the ancestral region on Xq28. A number of insertions/deletions and base exchanges have led to an overall similarity of 94.6% but the putative coding sequence is still 97.1% identical to the X-chromosomal sequence (14) . Changes were, however, sufficient to create a premature stop codon in the putative exon 4 (14) . The gene is not expressed in any tissue except testis (18) . This tissue specificity led to the hypothesis that it might serve to compensate for the inactivation of the X-chromosomal copy during certain stages of spermatogenesis (18) .
MSSK1 (muscle-specific serine kinase 1) is exclusively expressed in skeletal and heart muscle. Alternative splicing of the first two exons has been proposed (19) . Comparative analysis with the ortholog mouse gene revealed a conserved TATA box 71 bp upstream of the putative translation start at position 94 126 (19) . No other transcriptional control factors have been disclosed.
The function of CDM has not yet been elucidated. The deduced amino acid sequence suggests the presence of membrane-associated segments and a weak similarity with the rod-like tail portion of heavy chain myosins from different species (20) . The gene is ubiquitously expressed (20) . A large CpG island exists from position 36 398 to 39 303 but no transcription factor binding sites have been assigned yet.
We present here a comprehensive description of the DNA methylation in the promoter-near regions of four human genes: the X-linked CDM gene, the muscle-specific serine kinase gene MSSK1, the human creatine transporter gene SLC6A8 and the autosomal pseudogene ψSLC6A8. Our data indicate that the methylation profiles of the genes are tissue specific. The level of expression and the degree of methylation appear not to be correlated. Whereas the promoter regions of all the genes are essentially unmethylated, the pseudogene ψSLC6A8 was found to be highly methylated in somatic tissue, but not in testis. The testis is the only tissue in which ψSLC6A8 is expressed. From the nature of the pseudogene we propose that it is not a testis-specific isoform but transcribed as a result of transient demethylation during spermatogenesis.
RESULTS

Methylation profile of CDM
The methylation patterns of the CDM gene was determined for a region spanning the first two exons and the boundary of the predicted CpG island. DNA was extracted from eight tissues from patient A (heart, brain, prostate, lung, skeletal muscle, pancreas, kidney and liver). The entire region consists of 1627 bp (positions 35 806-37 432 of U52111). The methylation profile was reconstructed using four overlapping PCR fragments spanning 470-523 bp. The methylation profile of CDM is represented in Figure 1 . Hardly any of the densely packed CpGs in the CpG island region are methylated. A clearcut increase in methylation occurs downstream of the predicted CpG island at the first CpG after the second exon (position 36 167 of U52111). Only in brain does methylation start earlier (position 36 361 of U52111). The first methylated cytosine is usually also the strongest or second strongest methylated cytosine of the region. A second preferentially methylated site exists in position 143 of the investigated region (position 35 948 of U52111). The methylation profiles of all tissues are similar in this regard; however, the degree of methylation at individual CpG sites varies among the tissues. The strongest overall methylation sites are found in heart and brain and the weakest methylation sites are situated in the prostate. Except for prostate, the degree of methylation of individual CpG sites in the body of the gene usually exceeds 40%. The distribution of methylation patterns is mosaic-like, i.e. individual clones show a pattern of methylation signals which is similar but not identical to the patterns of other clones derived from the same PCR (detailed maps are available under http://genome.imbjena.de/PublicationSupplements ). Despite the high G+C content of the region (average 64.4%, locally >75%) and the dense occurrence of CpGs (107 in 1627 bp) only 4.5% of the cytosines in CpG pairs were found to be methylated. In addition, 0.6% of the cytosines in a sequence context other than CpG showed a methylation signal. CDM is expressed in all investigated tissues (20) . Given the use of autopsy material in our study, it would have been impossible to obtain reliable expression measurements for the investigated genes. Instead, expression levels of the genes were taken from the literature.
Methylation profile of MSSK1
For the determination of the methylation patterns in MSSK1 the same DNA samples were used for MSSK1 as for CDM. The investigated region included the first four exons of the gene and a putative TATA box. It had a length of 1153 bp (positions 93 995-95 147 of U52111) and was covered by three overlapping PCR fragments. The entire region contains 58 CpG pairs. Lowest methylation was found in the predicted CpG island (Fig.  2) . In heart, brain and prostate, the small CpG island of the gene is free of methylation. In lung, muscle, pancreas, kidney and liver the island is partly methylated. In all these tissues except muscle, two distinct fractions of cells exist: a small fraction with dense methylation and a larger fraction with weak methylation. Only a small number of clones contribute to the observed methylation signal: 1 in 13 in the lung, 3 in 20 in the pancreas, 2 (identical) in 13 in the kidney and 7 in 28 in the liver. The distribution downstream of position 400 (position 94 394 of U52111), gives place to irregular mosaic-like methylation patterns as noted for CDM (detailed maps available under http:// genome.imb-jena.de/PublicationSupplements). The region of low methylation extends from the CpG island into the third exon. In contrast to CDM, the methylation level increase gradually. The shape of the methylation profile across the region is similar in all tissues. Yet, in the expressing tissues of muscle and heart, the methylation reaches its maximum more towards the 3′ end compared with most non-expressing tissues. This tendency is confirmed when the difference between the average methylation in non-expressing and expressing tissues is calculated and plotted (data not shown). Between position 250 and 700 (positions 94 244-94 694 of U52111), DNA from heart and muscle but also from the brain is on average less methylated than DNA from the other tissues. Further downstream the methylation is equilibrated. The non-expressing brain also shows this late onset of DNA methylation; therefore, this characteristic is not exclusive to expressing tissues. In 347 investigated PCR clones, 30.4% of the CpGs and 0.92% of the cytosines in nonCpG pairs showed a methylation signal. MSSK1 is exclusively expressed in heart and muscle. Our data indicate no correlation between the level of methylation and expression in individual tissues.
Methylation profile of the X-linked SLC6A8
As for the other genes, a set of tissue-specific DNA from patient A was used. Additionally, DNA was extracted from the testis of patient J. Methylation was studied from 473 bp upstream of the 3′ end of the first exon to the 3′ end of the predicted CpG island (Fig. 3 ). The investigated region had a length of 1195 bp (positions 1404-2598 of U52111) and was covered by three overlapping PCR fragments and contains 137 CpG pairs. Similar to the genes described above, hardly any methylation was found in the CpG island of the X-chromosomal copy of SLC6A8. However, in this gene the methylation increases already 100-300 bp upstream of the 3′ end of the predicted CpG island. Methylation is extremely low in prostate and virtually non-existent in testis (Fig. 4) . However, comparison of the methylation density plot for prostate with the plots for other tissues (available under http://genome.imb-jena.de/ PublicationSupplements) indicated that the methylation increased also in prostate at around position 700 (position 2103 in U52111). It is not likely that the methylation density will drop suddenly. Thus, the extremely low methylation signal in the 3′ part is certainly due to the low number of investigated PCR products here. The true methylation profile is probably similar to that of the brain or the heart. In general, MSSK1 methylation grows gradually and reaches, in SLC6A8, its maximum around position 1050 of the investigated region (position 2453 of U52111). This position is consistent with the end of the predicted CpG island. No pronounced correlation between the degree and the onset of methylation and expression level can be found. As noted with MSSK1, a disposition for undermethylation in expressing tissues is noted when the average methylation of non-expressing and expressing tissues are compared (data not shown). Between position 400 and 1100 (positions 1803 and 2503 of U52111) methylation is on average higher in non-expressing tissues. However, this general tendency cannot be used to characterize individual tissues: for example muscle and liver show almost identical methylation profiles, whereas the gene is highly expressed in muscle and completely repressed in liver. In both brain and heart at the 3′ end of the investigated region, methylation signals are exclusively found in two of the nine PCR clones. In contrast, all other tissues show a scattered and mosaic-like distribution of methylation.
To study whether methylation profiles are conserved among individuals, identical sets of tissues were investigated in patients A and B. An arbitrary chosen set of data is shown in Figure 5 . The analysis was restricted to the informative, i.e. differentially methylated, region from 780 to 1195 bp of the investigated region (positions 2183-2598 of U52111). The methylation profiles of the same tissues from the two different people show very small differences compared with the differences between the tissues of the same person. These findings suggests that methylation profiles of genes are tissue-specific and that the tissue specificity is constant between individuals.
In 359 investigated PCR clones, 7.2% of the CpGs and 0.54% of the cytosines in other pairs showed a methylation signal.
Methylation profile of the autosomal ψSLC6A8
The secondary copy of SLC6A8 on chromosome 16 (ψSLC6A8) was found to be nearly completely methylated in all investigated specimens, i.e. eight different tissue samples from individual A (Fig. 6) and DNA from the white cerebral matter of seven further individuals (C-I) ( Fig. 6 ; other data not shown here, for details see http://genome.imb-jena.de/ PublicationSupplements). The methylation density is very high and lies between 30 and 90% in a 100 bp window. One remark- Boxes indicate exons in order of transcription. Alternative splicing of the first two exons is represented by a dotted line. The transcription start of the first exon is putative and the unconfirmed part is shaded in grey. On the x-axes of the panels the genomic sequence of MSSK1 is given in base pairs, with position 1 corresponding to nucleotide 93 995 of the sequence of GenBank accession no. U42111. The structure of the graph is identical to that in Figure 1 . The shaded box in the background indicates a predicted CpG island (73% G+C, observed/expected CpG = 0.75). Alternatively shaded boxes in the foreground of the CpG island panel stand for GC-rich simple repeat and (CGG) n repeats.
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Despite the high degree of overall methylation and very similar methylation profiles in all tissues and patients, detailed examination of the 15 data sets (a total of 333 subcloned PCR products) revealed that only 7 of the 114 CpGs are ≥90% methylated in all tissue samples. These conserved sites are located at positions 189, 193, 202, 229, 235, 253 and 286 of the studied fragment. Their occurrence coincides with the 3′ end of a predicted TAR repeat within the first exon of ψSLC6A8 and a local minimum of the G+C content (Fig. 6 ). Whether this site is of functional importance or simply more accessible to the methyltransferase or guiding factors remains to be elucidated. The computer program TSSW identified a promoter in this region, but its significance is low. The differences between methylation profiles of different tissues of an individual person and of the brain of different individuals are comparable. The autosomal copy has lost 16.7% of methylatable CpGs (Fig. 4) . Their number dropped from 137 in the X-linked copy to 114 in the fragment on chromosome 16. Fifteen of the 23 CpGs were lost as the result of a C→T or G→A exchange. The number of other base pairs remained comparably constant. As for the other genes, methylation in non-CpG pairs is low (1.2%) compared with CpGs (63.6%). Mosaic-like methylation is also observed in this case. ψSLC6A8 is the only investigated gene that shows a clear correlation between methylation and repression (in all studied somatic tissues) and demethylation and expression (in testis).
Sequence context of methylated cytosines
Information theory has been used successfully to characterize sequence patterns (21) and was proposed as a general improvement to consensus sequences (21) . We adapted the algorithm for the search for conserved methylation sites. A weak periodicity of information content was found in all tissues for the Xlinked genes MSSK1, CDM and SLC6A8. However, this regularity was lost when the average for all genes was calculated. For the methylation patterns of the autosomal ψSLC6A8, no consensus other than the regular occurrence of guanosine after a methylated cytosine was found (data not shown). Therefore, in the investigated region no motives other than CpG exist that are preferentially methylated. Methylation in other CpN pairs is rare. The frequencies for all 5mCpN are listed in Table 1 . Taken together, methylation in non-CpG pairs occurs in 0.81 ± 0.27% of the Cp(ATC). This value lies within the range of the systematic errors of PCR and sequencing reaction (see Materials and Methods). Therefore, our data can neither exclude nor confirm the existence of methylation in non-CpG pairs.
To address the question whether repetitive sequences are primary targets for methylation, the four investigated genomic regions were analyzed in silico for the existence of repetitive sequences. In all cases, only simple repeats and repeats of low complexity were identified. For CDM, two short GC-rich repeats were found at positions 1337-1357 and 1437-1464 of the investigated region. For the MSSK1 fragment, a simple (CGG) n repeat was identified at around position 130-180. For both genes, these short repeats do not show a higher level of methylation than the non-repetitive sequences in their vicinity (Figs 1 and 2 ). In the case of SLC6A8 and ψSLC6A8, a number of repeats were found including C-rich and GC-rich repeats of low complexity and simple (CA) n , (TCCCC) n and (CCCG) n repeats. However, with the exception of the (CCCG) n repeat at position 1049-1073 of the investigated fragment, none of the repeats match with a local increase of the methylation level. The (CCCG) n repeat is located in a region where a majority of CpG pairs are methylated. However, this region also matches (Fig. 3) . Thus, further data are needed to decide if the co-location of high 5mC levels and the (CCCG) n repeat is a coincident in this case or if it occurs regularly.
All methylation data were deposited at the DNA-methylation database (http://www.methdb.de ) under the sequence IDs 21-24 (CDM), 25-27 (MSSK1), 28-31 (SLC6A8) and 32-34 (ψSLC6A8).
DISCUSSION
Methylation of the X-linked genes CDM, MSSK1 and SLC6A8 is not expression specific
Tissue-specific, i.e. cell type-specific, methylation has been discussed for a long time. The hypothesis is tempting that gene expression in different cell types is either established or locked by differential methylation during the early embryonic development (22, 23) . Correlations between changes in expression and methylation were found in several cases (24) . However, serious doubts have been expressed about whether methylation serves as a general mechanism that determines tissue-specific gene expression (25) . It is experimentally well established that in mammals methylation in the promoter region of a gene inhibits its transcription (26) , yet undermethylation in the promoter region in vivo does not result necessarily in gene expression (see catalog in refs 10,11). Accordingly, methylation was proposed to serve to organize the complex genome of vertebrates (27) and to neutralize potentially dangerous DNA elements (reviewed in refs 7,28). In fact, most (de)methylation events in vivo are associated with transcriptional activation or repression being part of developmental changes. Well-described examples-besides early embryogenesis and tumor development (reviewed in refs 29,30, respectively)-include the demethylation of the vitellogenin gene during the transition of immature chickens to egglaying hens (reviewed in ref. 31) , methylation changes in the human globin gene switching during embryogenesis (reviewed in ref. 32 , and citations therein) and (de)methylation processes in B-and T-cell maturation (33, 34) . These global reorganization processes might require remodulation of the distribution of methylated cytosines. Our data are in good agreement with the hypothesis that methylation reduces the complexity of the genome and that undermethylation serves as a tag for regions with regulatory function. All three investigated genes SLC6A8, MSSK1 and CDM show undermethylation in the putative promoter-near region regardless of their state of activity. A similar behavior was recently described using bisulfite genomic sequencing for the tissue-specifically expressed α-actin gene (35) . In contrast, two further studies utilized bisulfite sequencing to analyze methylation in the tissuespecific genes tyrosine hydroxylase (36) and galectin-1 (37) genes and found correlation between tissue-specific expression and methylation. However, only three different somatic tissues have been examined in each study. The reported differences in methylation might therefore reflect a coincidence rather than a causal relationship. Figure 5 illustrates that small arbitrarily chosen sample sizes can simulate correlation. The weak tendency to undermethylation in expressing tissues for both SLC6A8 and MSSK1 might be explained-as proposed earlier (27) -by the permanent presence of transcription factors that reduce the accessibility of DNA to the methyltransferase. However, it has to be emphasized that this result does not allow conclusions to be drawn from the methylation state to the expression state of genes in individual tissue. Whereas undermethylation cannot serve as a signal to predict gene expression, it can be of use to confirm putative promoter regions or to predict possible transcription start sites. In particular where in silico analysis has left open the question whether further exons exist upstream of a predicted first exon, it will be of benefit to study the methylation density at this site. Promoter prediction programs still require preselection of short regions of genomic sequence for a meaningful analysis (38) . We propose to use the local demethylation as a sign to identify these regions. Methylation analysis could also allow to distinguish between active and silent CpG islands.
In all investigated tissues mosaic-like methylation patterns were found. The methylation density distributions along DNA molecules of singular cells of a tissue were similar; however, the exact methylation patterns were different. A preliminary parsimony analysis gave no indication for the clonal inheritance of different patterns (data not shown).
Different relative methylation levels were found for each gene in all investigated tissues. For instance, in the brain CDM is strongly methylated, but MSSK1 shows moderate and SLC6A8 weak methylation. Thus, the general degree of methylation in a tissue is not reflected directly in the degree of methylation of individual genes.
Methylation of the autosomal ψSLC6A8
In contrast to the X-linked genes, ψSLC6A8 was found to be highly methylated in all tissues analyzed except testis. The testis is also the only tissue that shows transcription from ψSLC6A8 (18) . This observation has led to the hypothesis that it might serve as a spare copy to rescue the transiently inactivated X-linked gene during spermatogenesis (18) . In mammals, early condensation of the X chromosome during the prophase of the first meiotic division in spermatogenesis has been known for a long time (39) . The expression of the Xlinked gene PGK-1 declines precisely from the pachytene stage (40) indicating the onset of the inactivation at this stage. In parallel-after de novo methylation in the leptotene or zygotene stage of meiosis I (reviewed in refs 3,41)-global demethylation takes place (12, (42) (43) (44) (45) including CpG islands and Alu repeats (46, 47) . In contrast, at least some non-CpG island genes remain methylated (48) . A point that has been speculated about for a long time is the ectopic expression of many autosomal genes in the testis. Genes expressed during spermatogenesis can be classified into four groups: (i) genes that are necessary for sperm development, such as protamines, small basic proteins, histone (Hlt) and enzymes necessary for penetration into the egg; (ii) intronless copies of genes such as MYCL2 (49), PGK-2 (50), PDHA-2 (51) and, for example, pseudogenes of the human GTP-binding protein α subunit (Unigene Hs.138204), human creatine transporter gene SLC6A8 and human DNA damage repair and recombination protein, RAD52 (Unigene Hs.73046); (iii) proto-oncogenes (52); and (iv) transgenes (see below). It has been speculated that the autosomal copies of phosphoglycerate kinase PGK-2 (human 19p13.3) and pyruvate dehydrogenase E1 α subunit PDHA-2 (human 4q22-23) serve to rescue the function of their X-chromosomal ancestors PGK-1 (human Xq13.3) and PDHA-1 (human Xp22.1), respectively, during the transient Xinactivation in pachytene sperm. Based on this hypothesis a similar mechanism was proposed for the SLC6A8 gene and pseudogene (18) .
However, certain findings throw doubt on the hypothesis. (i) It is supposed that PDHA translocated from an autosome (where it is still situated in marsupials) (53) to the X chromosome. This is a disadvantageous position if the hypothesis is true, that expression of this gene is also required when the X chromosome is inactivated during spermatogenesis. Supposing that the most likely hypothesis is the one that requires the fewest assumptions, it would be more plausible to assume that the X-chromosomal site provides no disadvantage. (ii) If both the autosomal and the X-chromosomal copies serve the same purpose, then they should be quite similar. However, it has been shown (51) that the evolutionary distance between mouse and man is larger for the both autosomal genes [number of nucleotide substitutions per 100 non-degenerated sites = 7.2 (PGK-2) and 13.9 (PDHA-2)] than for their X-chromosomal counterparts (0.9-1.0 for both PGK-1 and PDHA-1). (iii) SLC6A8 and ψSLC6A8 show an expression pattern similar to PDHA-1/2 and PGK-1/2. As outlined above, the autosomal copy is active only in the testis whereas the X-chromosomal gene is expressed in many somatic tissues except liver and pancreas. However, ψSLC6A8 possesses a premature stop codon, leading either to a short testis-specific isoform or a functionless protein stump. The occurrence of the testisspecific isoform would be restricted to primates (14) , which seems unlikely. In at least 13 cases it has been demonstrated that expression of transgenes was restricted to the testis. In all five cases in which methylation was investigated, expression was correlated with hypomethylation (54) (55) (56) (57) (58) .
In somatic cells, PGK-2 (46), PDHA-2 (59) and (as presented in this paper) the autosomal ψSLC6A8 are methylated and silent, whereas they are active and demethylated in the male reproductive cells. Taken together, we suggest that the testis-specific transcription of pseudogenes is a sideproduct of the transient demethylation during spermatogenesis. The global methylation changes during germ cell generation are probably too important to the cell to be abandoned. They might occur to allow recombination which is, at least in somatic cells, suppressed by methylation (60, 61) or are necessary to remove epigenetic defects as proposed by Holliday (62) or both. Against gene expression that leads to deleterious effects in germ cells the organism could be protected by apoptosis of these cells. During sperm cell maturation ∼50% of the sperms are subject to this cell death (63) . Further investigations are necessary to clarify the role of demethylation of pseudogenes during spermatogenesis. Methylation profiles are similar in other tissues and other patients, except testis. At the top, φSLC6A8 is schematically represented and corresponds to the x-axes in the panels below. The box indicates the first exon. On the x-axes of the panels the genomic sequence of φSLC6A8 is given in base pairs, with position 1 corresponding to nucleotide 4904 of the sequence of GenBank accession no. U41302. The structure of the figure is identical to that of Figures 1-3 . Above the first panel, the distribution of CpG pairs is represented by vertical lines. The rhombi below mark the position of seven CpG sites found to be ≥90% methylated in all tissues (for details see text). The shaded box in the background reflects a predicted CpG island (78% G+C, observed/expected CpG = 0.82). The bottom panel shows the distribution of the G+C density calculated in a 100 bp window shifted in 3 bp steps.
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Both copies of SLC6A8 share an identity of 97%. This makes it unlikely, but not impossible, that the signal for the methylation of the autosomal copy is contained in the sequence itself. The deletion of two potential Sp1-binding sites in ψSLC6A8 could be of interest in this regard.
Dense methylation has been reported for many repetitive sequences (64) including the centromeric and pericentromeric regions (65) . Independently, methylation was reported to spread into adjacent regions (66) . Thus, the methylation of ψSLC6A8 could be the consequence of its centromere-near location. A number of pseudogenes arisen from duplications or translocations are located in pericentromeric regions (67) and our data support the idea that they are silenced there by methylation.
Alternatively, methylation of ψSLC6A8 could be the result of an active decision-making process. The silencing of invading homologs together with their endogenous counterparts by methylation has been described in many cases for plants and lower eukaryotes (homology-dependent silencing) (68) and a similar phenomenon was shown to exist in mammals (57) . A CAT reporter gene ligated to the PGK-2 core promoter was shown to undergo a similar tissue-, stage-and cell type-specific demethylation in the 5′ portion of the CAT coding sequence to that of PGK-2 itself, suggesting that the signal for methylation is encoded in the promoter region (69) . The transcription of the cardiotrophin-1 gene that is located in the same band 16p11.1-2 as SLC6A8, indicates that the region itself is not completely inactive (70) .
Are methylation profiles tissue specific?
It is interesting to note that, whereas the differences of methylation profiles between tissues of one individual can be remarkably high, profiles are very similar in identical tissue types from different individuals. This was found for SLC6A8 in a set of tissues from two people (Fig. 6 ) and for ψSLC6A8 in brain tissue from eight people (data not shown; details available at http://genome.imb-jena.de/PublicationSupplements ). This argues for a regulated process, and in fact regular differences between the global 5-methylcytosine content of different tissues have been described previously (12) . Although our data are not comprehensive in this regard, they suggest that methylation profiles and tissue types are closely related. Given the number of individuals investigated, a statistical analysis of the data will not deliver unambiguous results. Further work is needed to provide a solid data basis and to prove this hypothesis.
The potential use of methylation studies in large-scale sequencing approaches
The data presented here are in good agreement with the idea that methylation is a method of reducing the complexity of large genomes: cis-acting elements are accessible to transacting factors whereas other DNA regions are shielded from this interaction by methylation. According to this model, methylation studies can be of great benefit in large-scale sequencing projects. They can help in identifying pseudogenes, in distinguishing active and inactive CpG islands, in guiding gene prediction and promoter identification and in recognizing the real 5′ ends of genes. Although our findings are entirely sufficient to propose this approach only the analysis of a large number of sequences from different origins will prove it. We have therefore established a public database for DNA methylation (http://www.methdb.de ) and attempt to collect all available data in this resource. Given the current interest in this research field, the information necessary to prove or to disprove our hypothesis will soon be available.
MATERIALS AND METHODS
Throughout this paper, positions are indicated with respect to GenBank accession no. U52111 from 22 March 1996 and accession no. U41302 from 24 November 1995. Since the entries of the GenBank database are continuously updated, the boundaries of the first exons of the genes studied are additionally listed in Table 2 . In case of future modifications of the GenBank sequence data, this will guide the adjustment of the positions that are referred to in this study.
Tissue material and DNA preparation
Tissue samples were obtained from autopsy material of male adults. All 10 patients died between the ages of 60 and 88 years. None of the individuals suffered from a malignant tumor. Cause of death, age and severe disorders confirmed by the autopsy are listed in Table 3 . For the purpose of the experiments described in this paper, the individuals were arbitrarily given the letters A-J. Autopsies were carried out between 24 and 72 h after death. Prior to autopsy, the bodies were kept between 4 and 10°C. Homogeneous tissue material was carefully dissected, stored immediately at -20°C and was subsequently transferred to -80°C for further use. DNA from eight different tissues [white cerebral matter (brain), heart, kidney, liver, prostate, pancreas, lung, skeletal muscle] was taken from patients A and B. Testis DNA was obtained from patient J and brain tissue was extracted from patients C-J. A sample of phenotypically homogeneous tissue material (200-500 mg) was quickly washed in sterile water and incubated in 1 ml of buffer (20 mM Tris pH 8.0, 1 mM EDTA, 100 mM NaCl, 0.5% SDS) and 0.3 mg of protease K (Boehringer, Mannheim, Germany) under shaking for 16 h at 55°C. DNA was separated by two rounds of phenol-chloroform extraction and traces of phenol were removed with chloroform. Genomic DNA was precipitated with sodium acetate/isopropanol, washed with 70% ethanol, dissolved in 10 mM Tris pH 8.0 and stored at -20°C (71).
Bisulfite treatment, PCR amplification and sequencing
Bisulfite genomic sequencing was carried out as described by Frommer et al. (13) . Briefly, the DNA was denatured in 111 µl of 0.3 M NaOH (in the presence of 10 µg of yeast mRNA) at 42°C for 20 min. Freshly prepared sodium bisulfite solution [1.2 ml, 541 g/l (ACS grade reagent; Sigma, St Louis, MO)] in 10 mM hydroquinone pH 5.0) were added directly to the denatured DNA. The reaction was overlaid with 200 µl of mineral oil (IR grade; Sigma) and incubated at 55°C for 4 h in the dark. The DNA was desalted using the Wizard DNA purification kit (Promega, Madison, WI) and eluted in 105 µl of 1 mM Tris-HCl pH 8.5. One hundred microliters of this DNA solution was desulfonated in 0.3 M NaOH at 37°C for 30 min. For neutralization, ammonium acetate was added to a final concentration of 3 M and the DNA was precipitated with ethanol using 1 µg of yeast mRNA as carrier. The DNA was dissolved in 100 µl of 10 mM Tris-HCl pH 8.5 and stored at -20°C until further use. The bisulfite-treated DNA could be used for at least 6 months without loss of PCR yield.
A sample (2.5 µl) of the bisulfite-treated DNA was used as template for the PCR amplification of overlapping fragments.
The amplification was carried out in two consecutive PCR reactions with nested primers sets. The primer design followed the guidelines by Clark and Frommer (72) . PCR primers, annealing temperatures and the length of the PCR products are listed in Table 4 . For each PCR at least 500 pg but usually 50 ng of genomic template DNA was used, not considering the loss during the bisulfite treatment. A total of 50 pmol of each primer, 2.5 U Taq polymerase (Qiagen, Hilden, Germany), the standard buffer supplied with the enzyme and 250 µM dNTPs were incubated in a total volume of 50 µl. After the first PCR, 2.5 µl of the first PCR mixture were used as template for the second PCR. Incubation times and temperatures were 94°C for 2 min followed by 5 cycles (94°C for 1 min, annealing temperature for 2 min, 72°C for 3 min), 25 cycles (94°C for 0.5 min, annealing temperature for 2 min, 72°C for 1.5 min) and 72°C for 10 min. Annealing temperatures are listed in Table 4 . The PCR products were separated on a 1% TAE agarose gel and purified using the QIAquick gel extraction kit (Qiagen). To ensure maximum cloning efficiency, an aliquot of the PCR product was incubated with 2.5 U Taq polymerase (Qiagen) and 200 µM dATP in PCR buffer for 10 min at 72°C and subsequently ligated into the pGEM-T-easy vector (Promega). Sequencing of the subcloned PCR products was performed with the ABI Prism BigDye or Dye Terminator cycle sequencing kits (Perkin Elmer, Foster City, CA). The sensitivity of this method has been found previously to be 99.50 ± 0.45% for unmethylated cytosines and 100.00 ± 0.00% for 5-methylcytosines (data not shown). The total error rate of the PCR and the sequencing reaction was 0.7% (estimated from the occurrence of non-cytosine base exchanges in a subset of 1298 clones).
Analysis of DNA methylation
The sequences of the PCR products were aligned to the genomic sequence using the GAP4 computer package (73) , manually edited and further analyzed. Cytosines in the genomic sequence that were converted to uracils and subsequently PCR amplified as thymines correspond to unmethylated cytosines, whereas cytosines in the PCR products indicate the presence of 5-methylcytosines. PCR products from SLC6A8 of X-chromosomal and autosomal origin were identified on the basis of diagnostic non-cytosine base exchanges. The alignments were used (i) to calculate the average methylation level for each cytosine position; (ii) to visualize the methylation state of individual CpGs (red circles represent 5mCpG and blue circles unmethylated CpG); and (iii) to determine the methylation density for each clone. The latter was calculated as the ratio of methylated cytosines in CpG pairs to total number of CpG pairs in a window of 100 bp shifted in 1 bp steps over the sequence. The G+C density was determined using the program 'window' of the GCG version 8 package (Genetics Computer Group, Madison, WI). The chosen window size was 100 bp and the step size was 3 bp.
In order to identify conserved sequence patterns around methylated cytosines, the frequencies of each nucleotide for positions up to 300 bp upstream and downstream of this site were determined. The information content R and the relative entropy H′ of each position (21) was calculated and plotted using the MethTools software package (74) . 
